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Evidence for Dark Matter
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Evidence for Dark Matter
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4% Atoms



Dark Matter Properties
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• Gravitationally interacting

• Stable particle

× ×××× ××××
• Not Hot

×
×××

• Not Baryon×
××

Beyond Standard Model!!

One of the most physics motivated candidates is 
Weak Interacting Massive Particles (WIMP).



Why WIMP?
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FIG. 1. Evolution of the cosmological WIMP abundance as a
function of x = m/T . Note that the y-axis spans 25 orders of
magnitude. The thick curves show the WIMP mass density,
normalized to the initial equilibrium number density, for
di↵erent choices of annihilation cross section h�vi and mass
m. Results form = 100GeV, are shown for weak interactions,
h�vi = 2 ⇥ 10�26 cm3s�1, (dashed red), electromagnetic
interactions, h�vi = 2⇥10�21 cm3s�1 (dot-dashed green), and
strong interactions, h�vi = 2 ⇥ 10�15 cm3s�1 (dotted blue).
For the weak cross section the thin dashed curves show the
WIMP mass dependence for m = 103 GeV (upper dashed
curve) and m = 1GeV (lower dashed curve). The solid black
curve shows the evolution of the equilibrium abundance for
m = 100GeV. This figure is an updated version of the figure
which first appeared in Steigman (1979) [11].

where n is the number density of �’s, a is the cosmological
scale factor, the Hubble parameter H = a�1da/dt
provides a measure of the universal expansion rate, and
h�vi is the thermally averaged annihilation rate factor
(“cross section”). For the most part we use natural
units with h̄ ⌘ c ⌘ k ⌘ 1. When � is extremely
relativistic (T � m), the equilibrium density neq =
3⇣(3)g�T 3/(4⇡2), where ⇣(3) ⇡ 1.202. In contrast, when
� is non-relativistic (T <⇠ m), its equilibrium abundance

is neq = g� (mT/(2⇡))3/2 exp(�m/T ). If � could be
maintained in equilibrium, n = neq and its abundance
would decrease exponentially. However, when the �
abundance becomes very small, equilibrium can no longer
be maintained (the �’s are so rare they can’t find each
other to annihilate) and their abundance freezes out.
This process is described next.

We begin by referring to Fig. 1, where the evolution
of the mass density of WIMPs of mass m, normalized
to the initial equilibrium WIMP number density, is
shown as a function of x = m/T , which is a proxy for
“time”, for di↵erent values of h�vi. With this definition,
the final asymptotic value is proportional to the relic
abundance, as will be seen later. Later in this section

it is explained how this evolution is calculated, but first
we call attention to some important features. During
the early evolution when the WIMP is relativistic (T >⇠
m), the production and annihilation rates far exceed
the expansion rate and n = neq is a very accurate,
approximate solution to Eq. (1). It can be seen in Fig. 1
that, even for T <⇠ m, the actual WIMP number density
closely tracks the equilibrium number density (solid black
curve). As the Universe expands and cools and T drops
further below m, WIMP production is exponentially
suppressed, as is apparent from the rapid drop in neq.
Annihilations continue to take place at a lowered rate
because of the exponentially falling production rate. At
this point, equilibrium can no longer be maintained and,
n deviates from (exceeds) neq. However, even for T <⇠ m,
the annihilation rate is still very fast compared to the
expansion rate and n continues to decrease, but more
slowly than neq. For some value of T ⌧ m, WIMPs
become so rare that residual annihilations also cease and
their number in a comoving volume stops evolving (they
“freeze out”), leaving behind a thermal relic.

It is well known that weak-scale cross sections
naturally reproduce the correct relic abundance in the
Universe, whereas other stronger (or weaker) interactions
do not. This is a major motivation for WIMP dark
matter. Note that while for “high” masses (m >⇠ 10 GeV)
the relic abundance is insensitive to m, for lower
masses the relic abundance depends sensitively on mass,
increasing (for the same value of h�vi) by a factor of two.

There are two clearly separated regimes in this
evolution – “early” and “late”. The evolution
equation (Eq. (1)) can be solved analytically by di↵erent
approximations in these two regimes. During the
early evolution, when the actual abundance tracks the
equilibrium abundance very closely (n ⇡ neq), the rate
of departure from equilibrium, d(n � neq)/dt, is much
smaller than the rate of change of dneq/dt. In the late
phase, where n � neq, the equilibrium density neq may
be ignored compared to n and Eq. (1) may be integrated
directly. This strategy allows the evolution to be solved
analytically in each of the two regimes and then joined
at an intermediate matching point which we call x⇤.
Because the deviation from equilibrium, (n � neq), is
growing exponentially for x ⇡ x⇤, the value of x⇤ is
relatively insensitive (logarithmically sensitive) to the
choice of (n� neq)⇤.

Since the dynamics leading to freeze out occurs during
the early, radiation dominated (⇢ = ⇢R) evolution of the
Universe, it is useful to recast physical quantities in terms
of the cosmic background radiation photons. The total
radiation density may be written in terms of the photon
energy density (⇢�) as ⇢ = (g⇢/g�)⇢� where, g⇢ counts
the relativistic (m < T ) degrees of freedom contributing
to the energy density,
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FIG. 1. Evolution of the cosmological WIMP abundance as a
function of x = m/T . Note that the y-axis spans 25 orders of
magnitude. The thick curves show the WIMP mass density,
normalized to the initial equilibrium number density, for
di↵erent choices of annihilation cross section h�vi and mass
m. Results form = 100GeV, are shown for weak interactions,
h�vi = 2 ⇥ 10�26 cm3s�1, (dashed red), electromagnetic
interactions, h�vi = 2⇥10�21 cm3s�1 (dot-dashed green), and
strong interactions, h�vi = 2 ⇥ 10�15 cm3s�1 (dotted blue).
For the weak cross section the thin dashed curves show the
WIMP mass dependence for m = 103 GeV (upper dashed
curve) and m = 1GeV (lower dashed curve). The solid black
curve shows the evolution of the equilibrium abundance for
m = 100GeV. This figure is an updated version of the figure
which first appeared in Steigman (1979) [11].

where n is the number density of �’s, a is the cosmological
scale factor, the Hubble parameter H = a�1da/dt
provides a measure of the universal expansion rate, and
h�vi is the thermally averaged annihilation rate factor
(“cross section”). For the most part we use natural
units with h̄ ⌘ c ⌘ k ⌘ 1. When � is extremely
relativistic (T � m), the equilibrium density neq =
3⇣(3)g�T 3/(4⇡2), where ⇣(3) ⇡ 1.202. In contrast, when
� is non-relativistic (T <⇠ m), its equilibrium abundance

is neq = g� (mT/(2⇡))3/2 exp(�m/T ). If � could be
maintained in equilibrium, n = neq and its abundance
would decrease exponentially. However, when the �
abundance becomes very small, equilibrium can no longer
be maintained (the �’s are so rare they can’t find each
other to annihilate) and their abundance freezes out.
This process is described next.

We begin by referring to Fig. 1, where the evolution
of the mass density of WIMPs of mass m, normalized
to the initial equilibrium WIMP number density, is
shown as a function of x = m/T , which is a proxy for
“time”, for di↵erent values of h�vi. With this definition,
the final asymptotic value is proportional to the relic
abundance, as will be seen later. Later in this section

it is explained how this evolution is calculated, but first
we call attention to some important features. During
the early evolution when the WIMP is relativistic (T >⇠
m), the production and annihilation rates far exceed
the expansion rate and n = neq is a very accurate,
approximate solution to Eq. (1). It can be seen in Fig. 1
that, even for T <⇠ m, the actual WIMP number density
closely tracks the equilibrium number density (solid black
curve). As the Universe expands and cools and T drops
further below m, WIMP production is exponentially
suppressed, as is apparent from the rapid drop in neq.
Annihilations continue to take place at a lowered rate
because of the exponentially falling production rate. At
this point, equilibrium can no longer be maintained and,
n deviates from (exceeds) neq. However, even for T <⇠ m,
the annihilation rate is still very fast compared to the
expansion rate and n continues to decrease, but more
slowly than neq. For some value of T ⌧ m, WIMPs
become so rare that residual annihilations also cease and
their number in a comoving volume stops evolving (they
“freeze out”), leaving behind a thermal relic.

It is well known that weak-scale cross sections
naturally reproduce the correct relic abundance in the
Universe, whereas other stronger (or weaker) interactions
do not. This is a major motivation for WIMP dark
matter. Note that while for “high” masses (m >⇠ 10 GeV)
the relic abundance is insensitive to m, for lower
masses the relic abundance depends sensitively on mass,
increasing (for the same value of h�vi) by a factor of two.

There are two clearly separated regimes in this
evolution – “early” and “late”. The evolution
equation (Eq. (1)) can be solved analytically by di↵erent
approximations in these two regimes. During the
early evolution, when the actual abundance tracks the
equilibrium abundance very closely (n ⇡ neq), the rate
of departure from equilibrium, d(n � neq)/dt, is much
smaller than the rate of change of dneq/dt. In the late
phase, where n � neq, the equilibrium density neq may
be ignored compared to n and Eq. (1) may be integrated
directly. This strategy allows the evolution to be solved
analytically in each of the two regimes and then joined
at an intermediate matching point which we call x⇤.
Because the deviation from equilibrium, (n � neq), is
growing exponentially for x ⇡ x⇤, the value of x⇤ is
relatively insensitive (logarithmically sensitive) to the
choice of (n� neq)⇤.

Since the dynamics leading to freeze out occurs during
the early, radiation dominated (⇢ = ⇢R) evolution of the
Universe, it is useful to recast physical quantities in terms
of the cosmic background radiation photons. The total
radiation density may be written in terms of the photon
energy density (⇢�) as ⇢ = (g⇢/g�)⇢� where, g⇢ counts
the relativistic (m < T ) degrees of freedom contributing
to the energy density,
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Thermal Relic
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FIG. 1. Evolution of the cosmological WIMP abundance as a
function of x = m/T . Note that the y-axis spans 25 orders of
magnitude. The thick curves show the WIMP mass density,
normalized to the initial equilibrium number density, for
di↵erent choices of annihilation cross section h�vi and mass
m. Results form = 100GeV, are shown for weak interactions,
h�vi = 2 ⇥ 10�26 cm3s�1, (dashed red), electromagnetic
interactions, h�vi = 2⇥10�21 cm3s�1 (dot-dashed green), and
strong interactions, h�vi = 2 ⇥ 10�15 cm3s�1 (dotted blue).
For the weak cross section the thin dashed curves show the
WIMP mass dependence for m = 103 GeV (upper dashed
curve) and m = 1GeV (lower dashed curve). The solid black
curve shows the evolution of the equilibrium abundance for
m = 100GeV. This figure is an updated version of the figure
which first appeared in Steigman (1979) [11].

where n is the number density of �’s, a is the cosmological
scale factor, the Hubble parameter H = a�1da/dt
provides a measure of the universal expansion rate, and
h�vi is the thermally averaged annihilation rate factor
(“cross section”). For the most part we use natural
units with h̄ ⌘ c ⌘ k ⌘ 1. When � is extremely
relativistic (T � m), the equilibrium density neq =
3⇣(3)g�T 3/(4⇡2), where ⇣(3) ⇡ 1.202. In contrast, when
� is non-relativistic (T <⇠ m), its equilibrium abundance

is neq = g� (mT/(2⇡))3/2 exp(�m/T ). If � could be
maintained in equilibrium, n = neq and its abundance
would decrease exponentially. However, when the �
abundance becomes very small, equilibrium can no longer
be maintained (the �’s are so rare they can’t find each
other to annihilate) and their abundance freezes out.
This process is described next.

We begin by referring to Fig. 1, where the evolution
of the mass density of WIMPs of mass m, normalized
to the initial equilibrium WIMP number density, is
shown as a function of x = m/T , which is a proxy for
“time”, for di↵erent values of h�vi. With this definition,
the final asymptotic value is proportional to the relic
abundance, as will be seen later. Later in this section

it is explained how this evolution is calculated, but first
we call attention to some important features. During
the early evolution when the WIMP is relativistic (T >⇠
m), the production and annihilation rates far exceed
the expansion rate and n = neq is a very accurate,
approximate solution to Eq. (1). It can be seen in Fig. 1
that, even for T <⇠ m, the actual WIMP number density
closely tracks the equilibrium number density (solid black
curve). As the Universe expands and cools and T drops
further below m, WIMP production is exponentially
suppressed, as is apparent from the rapid drop in neq.
Annihilations continue to take place at a lowered rate
because of the exponentially falling production rate. At
this point, equilibrium can no longer be maintained and,
n deviates from (exceeds) neq. However, even for T <⇠ m,
the annihilation rate is still very fast compared to the
expansion rate and n continues to decrease, but more
slowly than neq. For some value of T ⌧ m, WIMPs
become so rare that residual annihilations also cease and
their number in a comoving volume stops evolving (they
“freeze out”), leaving behind a thermal relic.

It is well known that weak-scale cross sections
naturally reproduce the correct relic abundance in the
Universe, whereas other stronger (or weaker) interactions
do not. This is a major motivation for WIMP dark
matter. Note that while for “high” masses (m >⇠ 10 GeV)
the relic abundance is insensitive to m, for lower
masses the relic abundance depends sensitively on mass,
increasing (for the same value of h�vi) by a factor of two.

There are two clearly separated regimes in this
evolution – “early” and “late”. The evolution
equation (Eq. (1)) can be solved analytically by di↵erent
approximations in these two regimes. During the
early evolution, when the actual abundance tracks the
equilibrium abundance very closely (n ⇡ neq), the rate
of departure from equilibrium, d(n � neq)/dt, is much
smaller than the rate of change of dneq/dt. In the late
phase, where n � neq, the equilibrium density neq may
be ignored compared to n and Eq. (1) may be integrated
directly. This strategy allows the evolution to be solved
analytically in each of the two regimes and then joined
at an intermediate matching point which we call x⇤.
Because the deviation from equilibrium, (n � neq), is
growing exponentially for x ⇡ x⇤, the value of x⇤ is
relatively insensitive (logarithmically sensitive) to the
choice of (n� neq)⇤.

Since the dynamics leading to freeze out occurs during
the early, radiation dominated (⇢ = ⇢R) evolution of the
Universe, it is useful to recast physical quantities in terms
of the cosmic background radiation photons. The total
radiation density may be written in terms of the photon
energy density (⇢�) as ⇢ = (g⇢/g�)⇢� where, g⇢ counts
the relativistic (m < T ) degrees of freedom contributing
to the energy density,
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Detecting WIMPs
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χ χ

q q

Annihilation Production

Scattering

Colliders

Direct 
Detection

Indirect Detection



Direct Detection Rates
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R (events/kg/yr) = h�� · ���N i · n

���N

��

n

Flux of WIMPS

WIMP-Nucleus Scattering Cross Section

Target Nuclei / kg
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R (events/kg/yr) = h� · �i · n

Local density  
~ 0.3 GeV/cm3 

(5x10-25 g/cm3)

�(v) =
⇢�

m�
v�f(v�, t)

Surrounded by a Dark Matter Halo

Maxwellian Velocity Distribution  
Local speed ~  220 km/s 

Escape Velocity ~ 500 - 600 km/s

B.Loer Thesis
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R (events/kg/yr) = h� · �i · n
WIMP - Nucleus SI Scattering Cross-Section

�(v�) / MN

µ2
nv2

�

· �n · A2 · F 2(q)

WIMP-Nucleon 
Cross-Section

Mass number of nucleus 
(assumes same interaction 
for neutrons and protons)

Nuclear Form Factor 
Correction for 

decoherence at 
non-zero 

momentum transfer



Interaction Rates
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Total Interaction Rate for Ar ~ 10-4 evt/kg/day 
Rock Natural Radioactivity ~ 107 evt/kg/day

m𝝌: 100 GeV, σ𝝌-n: 10-45 cm2m𝝌: 10 GeV, σ𝝌-n: 10-45 cm2

arXiv:1310.8327v2 [hep-ex]

Ge Xe Ar Si Ne Ge Xe Ar Si Ne



DarkSide Program

• Direct detection search for WIMP dark matter 

• Based on a two-phase argon time projection chamber (TPC) 

• Design philosophy based on having very low  
background levels that can be further reduced through  
active suppression, for background-free operation

���14



DarkSide Program
Multi-stage program at Gran Sasso National Laboratory

DarkSide 10 
Prototype detector

+ multiple smaller test setups and prototypes ���15

DarkSide G2 
Future multi-ton detector

DarkSide 50 
First physics detector 

Recently commissioned



Two Phase Argon TPC
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Photodetectors

Wavelength Shifter + 
Reflector Liquid Ar

Gas



Two Phase Argon TPC
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Cathode

Anode

Grid

Field Cage Rings

Egas ~ 5 kV/cm 
Eliquid ~ 3 kV/cm

Edrift ~ 0.2 kV/cm



Detecting WIMPs
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χ

Nuclear Recoil excites and 
ionizes the liquid argon, 

producing scintillation light 
(S1)that is detected by the 

photomultipliers

S1



Detecting WIMPs
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e-
The ionized electrons that survive 
recombination are drifted towards 

the liquid-gas interface by the 
electric field



Detecting WIMPs
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The electrons are extracted into 
the gas region, where they induce 

electroluminescence (S2)

S1 S2

The time between the S1 and S2 
signals gives the vertical position

Drift Time



DarkSide 10
7x 3” PMTs

7x 3” PMTs

TPB + ITO coated quartz window

TPB + ITO coated quartz window

Acrylic cylinder  
with TPB-coated reflector

Flexible PCB field cage
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DarkSide 10
First designed, built and 

operated at Princeton University

Moved underground at Gran 
Sasso to operate in a low-
background environment 

Dedicated campaigns to test light 
collection, high voltage and other 

technical solutions for future 
detectors
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DarkSide-50

• First physics-capable detector  
• All components were chosen/designed to  

have the lowest possible radioactivity  
(including the active target !) 

• Auxiliary detectors to identify and veto  
residual backgrounds

���23

(50 kg active mass)



Backgrounds
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39Ar

γ

n
α

μ

39Ar 
~1x104 evt/kg/day

γ 
~1x102 evt/kg/day

Radiogenic n 
~6x10-4 evt/kg/day

μ 
~30 evt/m2/day

α 
~10 evt/m2/day

100 GeV, 10-45cm2 WIMP Rate ~ 10-4 evt/kg/day

ELECTRON 
RECOILS

NUCLEAR 
RECOILS

γ

n

[30-200 ]keVr



39Ar
• Intrinsic 39Ar radioactivity in atmospheric 

argon is the primary background for argon-
based detectors 

• 39Ar activity sets the dark matter detection 
threshold at low energies (where pulse 
shape discrimination is ineffective)  

• 39Ar is a cosmogenic isotope, and the 
activity in argon from underground sources 
can be significantly reduced compared to 
atmospheric argon

���25

39Ar Reduction



Underground Argon Measurement

Total Rate 
 

[mBq/100 keV]

Estimated 
Background Rate


[mBq/100 keV]

Background 
Subtracted Rate

[mBq/100 keV]

Underground 
Argon (UAr) 1.87 +/- 0.06

1.5 +/- 0.2
0.32 +/- 0.23

Atmospheric 
Argon (AAr) 108.8 +/- 0.4 107.2 +/- 1.9*

39

Factor 1.71 +/- 0.05 % < 0.65 % (95 CL)

* Includes 85Kr 
upper limit

Energy/keV
0 200 400 600 800 1000

Ra
te
/(
Bq
/k
eV

)

-610

-510

-410

-310

-210

Energy Spectra

Figure 7: The energy spectra recorded in the argon detector under different conditions.
Red: underground argon data at surface; purple: underground argon data at surface with
an active cosmic ray veto; blue: underground argon data at KURF; green: atmospheric
argon data at KURF.

of water equivalent depth) caused the event rate to drop by another factor
of 5. The cosmic ray muon rate at KURF was measured, using two of the
muon veto panels stacked horizontally, to be � 1µ/m 2/min, which is approx-
imately 10,000 times lower than that at surface. Thus the muon veto cut
had no noticeable effect on the underground data, and it was disabled to
avoid unnecessary dead time. A residual event rate of 20mBq was achieved
in the 50-800 keV 39Ar window in the measurement of underground argon at
KURF.

4.2. Rate Analysis
Approximately 100 kg ·hr each of underground argon data and atmospheric

argon data were collected at KURF and were used for this analysis. A conser-
vative upper limit on the 39Ar content in the underground argon was obtained
by attributing all of the activity in the underground argon sample to 39Ar.
Fig. 8 shows the ratio of the event rate in underground argon to that in at-
mospheric argon as a function of energy, and it indicates that the best 39Ar
limit can be obtained in the 300 - 400 keV window. The residual event rate in
this energy window in the underground argon data after applying the PSD

12

Atmospheric Argon

Underground Argon

Low background LAr 
detector was operated 

underground at KURF with 
both atmospheric and 
underground argon

���26

arXiv:1204.60111 [physics.ins-det]

39Ar Reduction



Pulse Shape Discrimination
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Electron Recoil

Nuclear Recoil

Electron and nuclear recoils produce different 
excitation densities in the argon, leading to different 

ratios of singlet and triplet excitation states
τsinglet ~ 7 ns 

τtriplet ~ 1600 ns

Electron Recoil 
Discrimination
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Pulse Shape Discrimination
F90: Ratio of detected light in the first 90 ns, 

compared to the total signal

Discrimination power strongly dependent on light collection

τsinglet ~ 7 ns 
τtriplet ~ 1600 ns F90 ~ Fraction of singlet states

50% 
Acceptance

Electron Recoil 
Discrimination

arXiv:1203.0604

http://arxiv.org/abs/1203.0604
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Expected 
WIMP signal

Background Rejection 
Technique

Backgrounds 
Removed

Single Interaction Multiple S2 Cut in TPC 
Liquid Scintillator Veto Neutrons, Gamma rays

Multiple Interactions

LAr

GAr
PMTs

PMTs

n /γ
LAr

GAr

n
Liquid 

Scintillator

Neutron 
Rejection



Liquid Scintillator Veto

• 4 m diameter sphere containing 1:1 PC + TMB scintillator 

• Instrumented with 110  8” PMTs

Liquid scintillator allows 
coincident veto of neutrons in 
the TPC and provides in situ 
measurement of the neutron 

background rate

���30

Neutron 
Rejection



External Water tank

• 80 PMTs within water tank  
(11m dia. x 10 m high) 

• Acts as a muon and 
cosmogenic veto  
(~ 99% efficiency) 

• Provides passive gamma 
and neutron shielding

���31

Cosmogenics 
Rejection



Radon-Free Clean Rooms
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Radon daughters plate out on surfaces of the detector causing 
dangerous alpha-induced nuclear recoils

Final preparation, cleaning, 
evaporation and assembly of all 

inner detector parts was  
carried out in 

 radon-free clean rooms

Typical radon in air ~ 30 Bq/m3 

Cleanroom radon levels < 5 mBq/m3

Surface 
contamination



DarkSide 50
Radon-free clean room

Instrumented water tank

Liquid scintillator

Inner detector TPC
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DarkSide 50 TPC
LAr feed bayonet  

LAr funnel 
Top PMT array (19) 

Top support plates 

“Diving bell”/gas pocket/ 
top window/ITO anode 

Gas pocket boiler 

LAr feed to TPC 

Bottom window/ 
ITO cathode 

Bottom support plates 

Bottom PMT array (19) 

Output bubbler 

Grid support ring 

Cu field cage rings 

PTFE side panel (3) 

Recirculation boiler 



DS50 TPC assembly
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DS50 TPC assembly
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DS50 TPC assembly
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DS50 TPC deployment
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Inside of Liquid scintillator Veto 
Neutron (BG) detection

TPC

Liquid scintillator Veto

Inside of Water Tank 
muon (BG) detection



DS50 Timeline
• Oct. 2013: LArTPC, Neutron Veto and Muon Veto 

commissioned. 

• TPC filled with atmospheric argon (AAr). 

• Nov. - Jan. 2014: large majority dedicated to improve DAQ, 
DATA HANDLING and PROCESSING.	


• Up to 20th of Feb. 2014: collected 6.3 live days of AAr. 

• BG from 6.3 live days (278 kg·day fiducial) of AAr 
corresponds to that expected in 2.6 year of UAr DS-50 run.
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All 3 detectors are filled and currently operating 
in the same mode of dark matter search



TPC Calibration
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TPC: ER calibration @ null field
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Prob   0.9702

Light Yield Mean [PE/keV]  0.010± 7.992 

Baseline Variance [PE]^2  3574.8±  1953 

Rel. LY Variance  0.000307± 0.003459 

Ar Event Rate [Hz]  0.1±  46.4 

Constant  0.0000381± 0.0005192 
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Rel. LY Variance  0.000307± 0.003459 

Ar Event Rate [Hz]  0.1±  46.4 

Constant  0.0000381± 0.0005192 

39Ar End-point 
565 keVee

S1 [PE]

Background run 
Dominated by 39Ar decays (46.4 Hz) 
Uniformly diffused in the volume

AVERAGE LIGHT YIELD: 8.040 ± 0.006 (stat) PE/keVee



TPC: ER calibration @ null field
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83mKr gas deployed into detector (41.5 keVee)
Fits to 39Ar and 83mKr spectrum indicate  

AVERAGE LIGHT YIELD: 8.071 ± 0.012 (stat) PE/keVee

 / ndf 2χ  29.08 / 41

Prob   0.9187

Light Yield Mean [PE/keV]  0.012± 8.071 

Baseline Variance [PE]^2  24.2± 609.1 

Kr Event Rate [Hz]  0.034± 1.724 

Constant  0.0012± 0.0021 
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Baseline Variance [PE]^2  4962.171± 59943.492 

Rel. LY Variance  0.001± 0.000 

Ar Event Rate [Hz]  0.123± 46.643 

Constant  0.000± 0.000 

83Kr peak 
41.5 keVee

S1 [PE]

83mKr Half-life = 1.83 hours

Subtracted BG



SCENE  
(Scintillation Efficiency of Nuclear Recoils in Noble Elements)

Proton Beam at 
University of Notre Dame

7Li(p, n)7Be reaction produces low energy monoenergetic neutrons

TOF measurement between target, LAr and organic scintillators allows 

clean identification of elastic neutron interactions of known energy

Organic Liquid Scintillators

(placed at precise deflection angles)

Liquid Argon TPC

(based on DarkSide 

design)
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For Nuclear Recoils



BG Run Result
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BG from 6.3 live days (278 kg·day fiducial) of AAr 
corresponds to that expected in 2.6 year of UAr DS-50 run 
(~planning physics run time).



Background (NR) free exposure of 280kg･day
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���47

S1 [PE]
60 80 100 120 140 160 180 200

F
9
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
total_s1_corr_f90_after_lsv_cuts_hist

Entries    2.119474e+07

Mean x   131.2

Mean y  0.3062

RMS x   40.52

RMS y  0.05257

0

100

200

300

400

500

600

700
total_s1_corr_f90_after_lsv_cuts_hist

Entries    2.119474e+07

Mean x   131.2

Mean y  0.3062

RMS x   40.52

RMS y  0.05257

70 PE ~ 35 keVR (Nuclear quenching from SCENE @ 200 V/cm)

F90 NR Acceptance Curves from  
SCENE @ 200 V/cm125 PE ~ 57 keVR

Conservative

80%
65%

50%

90%

Background (NR) free exposure of 280kg･day



���48

S1 [PE]
60 80 100 120 140 160 180 200

F
9
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
total_s1_corr_f90_after_lsv_cuts_hist

Entries    2.119474e+07

Mean x   131.2

Mean y  0.3062

RMS x   40.52

RMS y  0.05257

0

100

200

300

400

500

600

700
total_s1_corr_f90_after_lsv_cuts_hist

Entries    2.119474e+07

Mean x   131.2

Mean y  0.3062

RMS x   40.52

RMS y  0.05257

Conservative

80%
65%

50%

90%

WIMP Region

Background (NR) free exposure of 280kg･day

No background events in nuclear recoil (WIMP) region!



DS-50 projected sensitivity (90% C.L.)

���49

 [GeV]rM

2
1010

3
10

]
2

 
[
c
m

m

-45
10

-44
10

-43
10

-42
10

Experimental limits

DarkSide50 - 3 y

DarkSide50 - 2.6 y

Xenon100

LUX

pMSSM (post LHC)

Threshold 35 keVR 

Fiducial mass 44.1 kg 
LY=8.0 PE/keVee @ null field 
NR Quenching from SCENE 
F90 NR acceptance function of ER

Projected sensitivity evaluated 
assuming: 
• the measured PSD performance; 
• no rejection from S2/S1; 
• fiducialization along z axis-only; 
• zero neutron-induced events; 
• NR quenching and F90 acceptance 

curves from SCENE @ 200V/cm

Present systematics on NR Quenching and 
F90 NR acceptance curves cause a ~10% 
variation of the projected sensitivity 
around 100 GeV/c2

.



Future Plans
• Increase ER statistics by injecting 39Ar 

Improve ER pulse shape discrimination    
• Deploy calibration sources  

Calibrate both neutron veto and TPC using gamma and 
neutron sources 

• Refill with underground argon 
Fill TPC with underground argon around June 2014 

• Begin dark matter search
���50

• Collect Background Statistics 
about 1 week of running with atmospheric argon ~ 3 yrs 
with underground argon

Current Status



THE END
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DS-50 & G2 Sensitivity
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LUX 

Sensitivity projection made on Nov. 2013.
TO BE UPDATED



DS-50 projected sensitivity (90% C.L.)
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Experimental limits

DarkSide50 - 3 y (th 35)

DarkSideG2 - 5 y (th 47)

DarkSideG2 - 5 y (th 55)

Fiducial volume 3.6 ton 
LY=8.0 PE/keVee @ null field 
NR Quenching from SCENE 
F90 NR acceptance function of ER

Assumed: 
• Same LY as in DS-50; 
• PSD as per F90 model based on DS-50; 
• no rejection from S2/S1; 
• fiducialization along z axis-only; 
• NR quenching and F90 acceptance 

curves from SCENE @ 200V/cm 
• zero neutron-induced events according 

to present background MC study; 
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Error	  bars	  are	  sta*s*cal	  only

arXiv:1306.5675v2 [physics.ins-det] 
Accepted for publication in Phys. Rev. D�54

NR from SCENE

http://arxiv.org/abs/1306.5675


Drift Field
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DS50 has been operating at a drift field of 200 V/cm  
and an extraction field of 2.8 kV/cm

Cathode: -12700 V

Grid: -5600 kV

Anode: 0 V

Edrift : 200 V/cm

Eext : 2800 V/cm
Egas : 4200 V/cm

Stable operation for several 
months at -12700 V

Max Drift Time ~ 370 us

Electron Drift Lifetime > 5ms



S1 + S2 waveform
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S1
S2



S2/S1
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Electron and nuclear recoils produce 
 different ionization densities that lead to 

different fractions of electrons that survive recombination

Electron Recoil

Nuclear Recoil

Ratio of ionization and scintillation signal (S2/S1) can be used 
to distinguish between the two populations

Electron Recoil 
Discrimination

Am-Be Source

ER NR



Neutron Veto Commissioning
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[us

Coincident event in TPC and Neutron Veto

Electron recoil event with 
multiple S2 signals in TPC

Coincident signal in 
liquid scintillator veto

!"#

!$%#
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!$'#

()*#+,-./012#34352#

6!#7%4389:;#<120#
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TPC Waveform

Light Yield: liquid scintillator VETO LY of about 0.5 PE/keVee, 
satisfactory for VETO requirements.



Borated Liquid Scintillator 
• High neutron capture cross section on 

boron allows for compact veto size 

• Capture results in 1.47 MeV α particle - 
detected with high efficiency 

• Short capture time (2.3 μs) reduces 
dead time loss

Veto Efficiency (MC)
Radiogenic Neutrons > 99%*

Cosmogenic Neutrons > 95%

*Based on 60 μs veto window ���59

Nuclear Instruments and Methods A 644, 18 (2011)

Neutron 
Rejection


